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Relativistic efFects on angular distribution and polarization of dielectronic satellite lines
of hydrogenlike ions
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The dielectronic satellite radiation emitted from ions excited by resonant capture of an electron from a
directed electron beam can be strongly linearly polarized. We have carried out relativistic calculations
of angular asymmetry parameters and polarization of dielectronic satellite lines for H-like ions with
Z =9, 22, 28, 42, and 92 using the multiconfiguration Dirac-Fock model. We found that many transi-
tions exhibit strong angular asymmetry and a large degree of polarization. In addition, we found that
the polarization of the resulting radiation is independent of atomic number in the nonrelativistic limit.
But when the eQects of relativity are taken into account, the polarization becomes markedly Z depen-
dent.

PACS number(s): 34.80.Kw

I. INTRODUCTION

In a plasma the radiation emitted following electron
collisional excitation, ionization, or resonant dielectronic
capture can be polarized when the electron distribution is
anisotropic. This occurs in some astrophysical plasmas
[1] as well as in laboratory-produced plasmas under con-
ditions in which the ions are excited by a directed elec-
tron beam [2]. Under these circumstances, the magnetic
sublevels of the excited states may not be populated sta-
tistically. The degree of polarization depends on the ex-
tent of deviation from the statistical populations of the
excited magnetic sublevels of the ions.

Recently, the effects of relativity have been found to
exert strong inhuence on the polarization of radiation
emitted from ions excited by a directed electron beam [3].
The polarization was found to be markedly dependent on
atomic number Z instead of Z independent as predicted
by nonrelativistic theory [4]. In addition, relativistic
effects have also been found to be very important in the
calculations of angular distribution parameters for the
Auger electrons following electron impact excitation [5].
Inal and Dubau have carried out the formulation of the
linear polarization of dielectronic satellite lines, using
density-matrix formalism [6], and applied it to He-like
Fe +. In this paper, we present the results of our inves-
tigation of relativistic effects on the angular distribution
and polarization of dielectronic recombination (DR) sa-
tellite lines of hydrogenlike ions. We calculated the an-
gular distribution and polarization of DR satellite lines of
H-like ions with Z =9, 22, 28, 42, and 92, using the rela-
tivistic multiconfiguration Dirac-Fock (MCDF) model,
and then repeated the calculations in the nonrelativistic
limit.

II. THEORETICAL METHOD

In our present work, dielectronic recombination is
treated as a two-step process: dielectronic capture fol-
lowed by radiative stabilization. The effects of overlap-
ping resonances and interference between the direct radi-
ative recombination and dielectronic recombination are

2Jd+ 1

2(2J;+ 1)
(2)

where %z and %J are the antisymmetrized many-
l d

electron wave functions for the initial and autoionizing
states, respectively, and V is the two-electron interaction
operator. The incoming free electron with definite energy
E, momentum p, and spin can be expressed as superposi-
tions of partial waves [8]
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Here, g is the one-electron Dirac orbital,
a=(l —j)(2j+1) is the relativistic quantum number, l
and j are the orbital and total angular momentum of the
continuum electron, and 5 is the phase shift. The spon-
taneous radiative transition rate is calculated from the
perturbation theory by using the multipole expansion
[9,10]

neglected. The dielectronic capture probability can be
calculated as an inverse Auger transition by detail bal-
ance. The angular distribution of Auger electrons has
been presented in Ref. [7]. Briefly, the dielectronic
recombination probability can be written as

A„(i~d ) A„(d~f)T(if)= QA~(d~j)+g A, (d~k)
J k

Here, A„(d~f) is the radiative rate, and Az(d~j) is
the Auger rate. The capture probability A „after
averaging over the electron spin and initial magnetic sub-
states is given by

A„(i~d)
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A„(d~f )=2m. g ( —1) f
L,q
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After some algebra, the energy-averaged difFerential cross section from an initial state i to a final state f via an inter-
mediate state d is given by [11—13]

do (idf ) o (idf)
dQ 4m.

where the total DR cross section cr(idf ) can be expressed in atomic units as [12]

m gd A„(d~i)A„(d~f)
cr(idf) =

2bEEdg; QA&(d~j)+g A„(d —+k)
J k

Here, gd =2Jd+1 and g; =2J;+1 are the statistical weight factors for the intermediate and initial states, respectively;
Ed is the Auger energy; and hE is the energy bin. For the electric-dipole (El) transition, the angular distribution
8'(8) averaged over the polarization is given by [11]

W'(8) =1+PP2(cos8),

with the anisotropy parameter

and
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Here, J;, Jd, and Jf are the total angular momenta for
the initial ionic state, intermediate autoionizing, and sta-
bilized x-ray final states, respectively; Pz(cos8)
=

—,'(3 cos 8—1), where 8 is the angle of emission of x-ray
with respect to the beam axis; [a,b, . . . ]= [(2a + 1),(2b + 1), . . . ] and & Jd ~~ V)~JjJd & is the re-
duced Auger matrix element.

The degree of linear polarization can be defined as [11]

IllP(8)=
II

where I~~~(Ii ) is the intensity of the emitted photons with
polarization vector parallel (perpendicular) to the meridi-
an plane (i.e., the plane formed by the directions of the
incident beam and of the detection of radiation). The po-
larization fraction is related to the asymmetry parameter
by [11,14]

p ( 8 )
3P sin 8

P(1—3 cos 8)—2
(12)

The atomic transition rates required in the present
work are calculated from the perturbation theory, using
the MCDF model [9,15]. In the MCDF model, the
single-particle central-field Dirac orbital is chosen as [15]

P„,(r)Q„
(r)= g ( )~ ~ (13)

III. NUMERICAL CALCULATIONS

The E-LL DR process from the H-like ground state to
He-like ions can be described schematically by

e +1s—+2l2I'~1s2l" +h v . (15)

The energies and wave functions for the bound states

I

Here, P„,(r) and Q„(r) are the large and small com-
ponents of the radial wave functions, respectively; 0 is
the j-j coupled wave function of the angular momentum
and spin as defined in Eq. (4). An atomic-state function
for a state i with total angular momentum JM is con-
structed from the configuration state functions (CSF's):

n

4;(JM) = g C;ig( 1 iJM),
A, =1

where n is the number of CSF's included in the expansion
and C,.& are the mixing coefFicients, which are determined
by diagonalizing the energy matrix. The CSF's are
formed by taking a linear combination of the Slater deter-
minants constructed from the Dirac orbitals.

The Auger transition rate is calculated in the frozen-
orbital approximation [9,13], with the two-electron
operator V & in Eq. (2) taken to be the sum of Coulomb
and generalized Breit operators [15,16]. The radiative E 1

transition rates are calculated from perturbation theory
according to Eq. (5).
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TABLE I. Angular anisotropy parameter P for the hydrogenlike dielectronic recombination satellite
lines.

Transition

2s2p P& —1s2s'S,
2s2p P& —1s2s 'So
2s2p P2-1s2s S&

2p P& —1s2p P0
2p Pj —ls2p P,
2p P& —1s2p P2
2p P& —1s2p 'P&

2p P2 —1s2p P 1

2p 'P2 —1s2p P2
2p P2 —1s2p 'P&

2p 'D2 —1s2p P&

2p 'D2 —1s2p 'P2
2p 'D2 —1s2p 'P&

2s2p 'P& —1s2s S&

2s2p 'P
&

—1s2s 'S0

F7+

—0.249
0.497

—0.350
—0.195

0.097
—0.020

0.097
—0.500

0.500
—0.500
—0.500

0.500
—0.500

0.500
—1.000

T'20+

—0.105
0.209

—0.350
—0.173

0.086
—0.017

0.086
—0.500

0.500
—0.500
—0.500

0.500
—0.500

0.499
—0.999

N'26+

0.067
—0.133
—0.350
—0.165

0.083
—0.017

0.083
—0.500

0.500
—0.500
—0.500

0.500
—0.500

0.498
—0.996

Mo

0.125
—0.249
—0.343
—0.271

0.136
—0.027

0.136
—0.500

0.500
—0.500
—0.499

0.499
—0.499

0.477
—0.954

U90+

—0.111
0.221

—0.334
—0.159

0.080
—0.016

0.080
—0.499

0.499
—0.499
—0.462

0.462
—0.462

0.338
—0.677

were computed by using the MCDF model with an
average-level scheme [15] in intermediate coupling with
configuration interaction from the same complex. The
continuum wave functions were generated by solving the
Dirac-Fock equations in the final-state potential. The
phase shifts in Eq. (10) were determined according to a
procedure given by Zhang, Sampson, and Clark [17].
These reduced Auger matrix elements and phase shifts
were then employed to calculate the asymmetry parame-
ter P according to Eqs. (9) and (10). The linear polariza-
tion fractions were evaluated according to Eq. (12). The
corresponding nonrelativistic values were obtained by re-
peating the calculations with velocity of light increased a
thousandfold to simulate the nonrelativistic limit.

IV. RESULTS AND DISCUSSION

%'e have carried out a systematic study of relativistic
effects on the angular distribution and polarization of the
dielectronic satellite lines of H-like ions. The effects of
relativity on the Auger matrix elements can arise from
changes in the energy, from shifts in wave functions, and
from the Breit interaction. The net effect depends on the
strengths and phases of each component and cannot be
easily predicted. The changes in Auger matrix elements
due to relativity will affect the population density PJ z'

l d

and the anisotropy parameter P. The angular anisotropy
parameters P for the hydrogenlike DR satellite lines with
Z =9, 22, 28, 42, and 92 are listed in Table I. The asym-
metry parameters are quite large, ranging from —1 to
0.5. For the transitions originating from the 2p P2 and
'D2 states, the p parameters are nearly independent of
atomic number and all have the same absolute value of
0.5. This is due to the fact that the transitions
2p J=2~1s2pJ=1, 2 have the same values for the 6-j
symbol in Eq. (9). In addition, the alignment parameter
due to resonant electron capture PJ z /Pz+ is indepen-

i d i d

dent of Z in the nonrelativistic limit, since only one par-
tial wave cd is allowed. On the other hand, the P values
display strong Z dependency for transitions involving the
2s2p P& initial state. We included only electric-dipole
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FIG. 1. Angular distribution function 8'(0) and polarization
P(8) for the 2s2p P, —1s2s S& transition as functions of 0.
8'(8) and P(8) are displayed in (a) and (b), respectively.

radiation in the present work. Higher multipoles contrib-
ute very little to the total radiative rate. For example,
they contribute less than 1% even for an ion as heavy as
U90+

In Figs. 1 —4, the angular distribution functions 8'(8)
and linear polarization P(0) for the 2s2p P, —1s2s S&,
2s2p Pi —1s2s 'So, 2s2p 'P) —1s2s 'So, and 2p 'D2-
1s2p 'P& transitions in F +, Mo +, and U + are shown.
From these comparisons, the following observations can
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FIG. 2. Angular distribution and polarization for the
2s2p 'P& —1s2s 'SG transition as functions of 0.

FIG. 4. Angular distribution and polarization for the
2p 'D2 —1s2p 'P& transition.
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FICx. 3. Angular distribution and polarization for the
2s2p 'P, —1s2s 'SG transition.

be made. (i) For many transitions, the DR satellite lines
exhibit strong angular asymmetry and a large degree of
polarization. (ii) Strong Z dependency can be seen for
transitions arising from the 2s2p initial states but not
from the 2p 'Dz state. (iii) Effects of relativity tend to
reduce the angular asymmetry and the degree of polariza-
tion. (iv) For the 2s2p 'P& —ls2s 'So transition, the P
value is nearly equal to —1 for low-Z ions. This DR line
shows 100% polarization for all angles except those near
0' and 180' for F + [Fig. 3(b)]. The change of P value
from —1 to —0.677 from Z =9 to 92 (see Table I) due to
effects of relativity drastically alters the behavior of po-
larization as a function of 8. At 0=30' the relativistic
effects reduce the polarization fraction from 100% to
40%%uo as Z increases from 9 to 92.

In Figs. 5 and 6, the polarization fractions at 8=90
for the 2s2p 'P& —1s2s 'So, 2s2p P, —1s2s S&, and
2s2p P, —1s2s 'So transitions from nonrelativistic and
relativistic calculations are compared. One can see that
the nonrelativistic results are independent of Z, while the
relativistic values show strong Z dependence. For the
2s2p 'P, —1s2s 'So transition, effects of relativity reduce
the polarization fraction by 25%%uo at Z =92. For the
2s2p P, —1s2s S& transition, the relativistic effects
change the degree of polarization from 0.35 to —0.25 at
Z =42.

In summary, we have calculated the angular distribu-
tion and polarization of DR satellite lines for F +, Ti
Ni +, Mo +, and U +. We found that many transi-
tions show strong angular asymmetry and polarization.
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FIG. S. The degree of polarization at 0=90 for the
2s2p 'P& —1s2s 'So transition as functions of atomic number.
The broken curve indicates the nonrelativistic values. The solid
curve displays the relativistic results.

FIG. 6. The polarization fractions at 8=90' for the
2s2p 'P& —1s2s S&, 'So transitions. The symbols are the same as
in Fig. S.

We also found that the degree of polarization from non-
relativistic calculations are independent of Z. However,
the polarization fractions become markedly Z dependent
when the effects of relativity are included in the calcula-
tions.
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